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1. Abstract /
Planning i 3 necemary ':uk for inteiligent, acaptive systems
operating independently ox human controllers.  Tass—paper
=xwcs—on 3 mimon plmmng system  chat performs sk
pianning Yy~ decocmpoming a high-level misuon obpcuve into
subtasks and syntzesizang a plan for those wsks at varying
levels of abstraction.” 0
parution the search space ind Jdirect the focus of attention of
tte pianner. Usng adv planning echmques, can
control plan syntiems for Ye compiex rianming ‘asks|in-
Sived :n mussion zlanning.
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Introcuction ,/
Planning s a aecessary task for isteiligeat, adaptive systems
cperating independently of % man cortrollers.  Autonomous
svsiems 2eed 0 clan their uctioms and adapt themselves ‘o
rcnmental chasges for survival.  Given 3 igh level xus-
502 specification., :ze miswion rlannisg module needs 0 sva-
thesize a sequence >f acucms 0 achieve mission goais.  Thus
sxcuires advanced  tecamigues  that Trascn ibcut  comstrainis.
wiarmty of searth, spatal configurators, levels of abstrac-
= and temporal ordencge  Robeuce systems dererit {rem
ihese slapming  tscamiques by iacTeaming  ther independence
Tmm mission sezttol As a1 result sxpanded misecns with
aod excc‘.x::d:.

seivced supervisory ontrol can Se wmeeived
Vamous approacies are Seing used . jfiannung  systems.
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3. Mission ?lanaing
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Mission ;lanning is the procews of synthemziag a sequence
of actions 0 mtsfy oals and construnts pomd by the mis-
sion manager. Mimion plans are specified at varying levels
of abstracucn, with mission prcfiles at the ligher levels and
command sequences at the lower levels. ~:mmand sequences
are fixed 0 perform specific tasks ziven the ~ehicle’s operat-
irg charxcleristick as such, *hey are Dest sequenced Ly com-
futer programs  that  perform  tatle  lockupe Contenticn
among these commands an usually e cesolved at the lhigher
ievels, thus iatersction among commands s ouumal At the
ather end of the planmng herarchy, mission ;rofiles specify
chectives and time tables for accomplishirg the objectives.
The wehicie achieves these obpctives by executing command
sequences Zownloaded by Mission Control at -he appropriate
times specifiec in the mussion profile. Misson profiles lead
themseives 0 template or xnpt planning Secause they are
specified at a level of deta] Rugher .o the atwtracticn hierar-
chy where .ateration among the obpctives s —unimal

Tasks, o3 '2e >her hand, ire syntbesized .20 slans Dy oco-
adering e current stale of the Tussicn.  Lasks consist of
xmioand jequecces in autonomous vehicle axecutes o achieve
some part of the overall musmon. The clanrer performs cask
clanping 5y deccmpomng he high-ievel missica sbective intd
subtasks s2d synthemzing 3 zlan Sor those Tasks it varming
ievels of iomraciion.  ntermeciate tasks Tust Se selecied irnc
sequezced 11 SUCa 2 Way ‘hat subsequent oS An be ackh-
leved. A exemglary task serformed vy ihe clazner s
deveicp 1 2lan Jor comducting reconnaismance tn 2 zarucular
area specified by the mimtion ccmmander.  FIir sxample. 3
issicn W0 onpduct area Teccnlssance s cecesmary when the
xmmancer demres specuic T0m 10cut eriin locaticns
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nform

o faciites within 1 Zefized area. To weezriish this mis

ncn, e ~iumr must find cverwatsh aostucns Jor Tecon-
Citering e tarpet, 3wubiish cTules secueccog lhese  ~om-

uons,  fetain stealtd i “Re perauon izd  report all  .zrer-

Tatica nridly and wr.xn::ly3.

Tasks refer o the .mtermediate ibStractcn leveis in ke

S.amoimgoLeTarnv, e (svels whers mimagtiin am

>lanping lecsicns s
‘her Sy wguezcing
ooditens fr DY JecCmposing  tasks
Se atrssuog planning Trotiem. These

e highest. [nteracuca wmcny tasks -
"asks with grerequinte ind  Dostrequusite
n%0  sublsks
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4 Jdyzmamically  changiag  eavironment and reate 4 om-
meacral expiomen of cfe rlanning spacer the search througa
“hus dyTamic slaczing space 3 1 WeV sSue ir Tiaeion piace
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biackboard archutecture’.  As such, 1t defines problem-slving
knowfedge sources for synthemzing plan steps. & mult-level
solution blackboard for recording partial plans and a flewble
coatrol strucidre for controlling the expanmon of the pianmng

space.

Using a blackboard, a hierarchy of _bstraction levels where
esch level "epresents a partial sute Jdescription of the world
at some tume, we can partition the search space and direct
the focus of atention of the planner. We map the probiem
space onto the blackbosrd by specifying abstraction levels in
the plan hierarcdy. These levels represent both spatial and
conceptual abstractions for the mission planning pmblem. For
the mummon of area Teconnaissance, We generate a vimbility
map hHy creatrg boundary regions that ocontiin locations
vuuble to the wrget—a spatial abstrction. For the path
planning ‘ask of the miwmon, we pencrate one type of aom-
trafficable regiom by creating water boundanes—a concertual
shstraction. Dwta abetracuons help control the zapodential
search process required in planning by establishing planning
islands; areas whe-e local search can find plan anchors for
attaching the remainder of the plan. The more :indepeadent
the planning :slands, the better the planner coatrols :ts pian-
ang space by relying on local search.  The blackbosrd struc-
tures the placning spece n the proolem Jdomamm. 7o thus
structure, we apply ‘e problem-soiving strategy of skeletal
clan refizement.

When a rmusmon 3 specified, the planner chooses a eneral
design.  We specfy a demign ath only the ewenual detal
ecemary 0 direct the imiual search of the plan. Thus least-
commitment strategy s maintauned throughout <the plan
refinement process The demgn specifies spatial configurations
for plans 3and parutcas the planning space inw plan seg-
ments.  Once these smgrents are found, the planner succes-
nvely refines : plan by .nsanuaung plan steps at  the
lower levels. Plan nstantiaticns occur by sreausg planming
slements umng ‘he .orrect data sbstraction with e Surreat
slaa abstraction. A the design levei, the lanaer annct use
ow-level data » orm decisicas.  [astead, t uses Righ-ievel
svmboiic obycs that cepreseat the ~ziaticnships Setweea the
tasky that make up “he muswon.

For example, onucder a1 plan for 1 recchoaisance Tusson
that syncthesizes a sequence of tasks n >oth Ume and space
such that ke final onfiguration sausiies overnding sbmcuves.
A good Jesign specifies the spatial orientaton for sach i the
waske  Finding -his lemign depeads on the reconnaissance tasks
avelved and therr relauonships 0 2ach other. At thus level
>f abstracuon, the planner rrasons 3bout he larpet loauen.
the type of recopcaussance misten,  vinbuity  maps,  2om-
crafficabie segiops, =ulitarv strategy ind omrmumcaton -
juirements. Cmiy Afwer cefinement f he Jdemign A2 tlan
SIeP8 LaVCiVing Xact Cask (Ocations Je nstantiatlad using nixel
3ata represented i3 OCrdirate rities

4.1. Controlling Plaa Synthesis

?lan syatfess XXui3 WRed LT0W.ege JCurces .asuasuate
c.an steps recorded 4 the Slackboard Rerarchy.  Without

xcptroling plan syaitexs, the rlanning system would ‘xtaus-
uvely cTeate the souuton space of possible clana Ahie thus

works Ior smmpie paszming frogiems, a zusmen pianamizg, 1S,

e xcmyplexnity of ‘te msmen acreases, the zumbder Y tasks
Jmws and the zumoer 3 octental rians rows sxponeztauly.
Ve use 3 three-tiered structure for varying <omtiol over the
execution of Koowiecge sources ia the Tusmen ianning sve-
en that conesy X estallishing  ocus Jecisions, execuring
strategzies and -ankdng taowledge sources. Dunzg croclem
Ling, LooWiedym XUTTes CTeate lecimion  ciemexts 2 ke
~A YlerarcAy-—as Tigaming Trocceds, Tofe LICWIAIZE urees
ATt acuvated 1nd  Jeccme  1vauadie (r zisculca. A CD-
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trolier rates these knowledge sources using focus decimons,
mrategies and rankings, and a sheduler siscts a knowiedge
source to eXecute by choomng the ome with the highest ranmg.

Focus decimons represent collections of Meunstics agunst
which knowledge sources are raed®.  These decisions estabimh
criteria used to evaluate the utlity of ksowledge sourcm
For each knowledge source the controller caiculates 2 utinty
value Yy wumming together, for esch focus decision, ‘he
producis of a focus weight representing the value of a fooms
decimon and a wmusfachon level, the degree w wWhxk a
knowledge source musfies a focus deczmon. This calculaton
results in ratings that pniontize the knowiedge sources - 3
xheduler can select the knowledge source with the highest
ratung. Focus deamons are crested dunng problem solving w
response 0 changes in pl g and reflect the genmeral -
havior of the systeem. They add high-level control decmons
that the countroller uses to direct the generaton of plan steps

Strategies provide a ngwd control structure that directly om-
trols the execution of knowledge sources They permut ‘he
execution of 8 strct sequence of Xoowledge sourcen A
strategy represents & procedure for achueving & particular posl
and comsists of a goal, s status, a2 nuonae and & lix o
strategies and °actucs.  The goal dencies what the straiegy
Wil accom, lish when (3 status becomes operative, and he
rationale Jescnbes what the strategy xcomgplishes  The r-
dered list Of strategres and ‘actics Jetines the specific subgoais
that make up the procedure. When strateguea are operauve,
cnowledge sources that achieve the seme Jomis of the opers-
tive strategies receive ligher prionities than opes that acteve
dif ferent poals. Focus decisions are used 0 differentiate
Tween knowledge sources with the same Joas

STRATECY: FIND-LOCATION
300i =« FIND-LOCATIONM
status = OPERATIVE
rationaie = “Inatantiaote dest 'ocatiom 7o
perfarming 3 t3en”
strotegy&toctic = {INSTANTIATE~_OCATIOM
RATE-LOCAT IOM
MOCSE-LOCATION)

STRATEGY: FIND—R1
1081 @ FIND-R1
stotus = PERATIVE
rationgle = “Controtle search for -
strotegy&tactic & (INSTANTIATE~LICAL—AREA-R1
TIND-LOCATION;

Figure <+1: FIND-LOCATION and FIND-R1 strategies

Figare 41 :lustrates zhe structure of wo RIAlEGIES Jsec SV

tke Miexion Plaoning System. Tie firt stategy, 0D
LOCATION, cormss X three tacucx INSTANTIATE-

LOCATION, RATE-LOCATION and CHOOSE-3EST-LOCATICN.
Thus stmategy fizds 1 location Sy creaung sstances of Lxa-
uces, mucg them ind choomog the st e The srne
strategy, FIND-R1, xcossts of  the cacns NSTANTIATE-
LOCAL-AREA-R1 and e strategy “IND-LOCATION. T
recurmive Zefimition aclitates cTeating tew sategies Srom sx-

stsg cmes. T strategy Sinds 1 comuom Sor derformin
TRODTASSATOE CY STEAUSY SSTAnses D XL irsas llea no-
£y lxaaucns wittun these areas.

The turd level of xptrol a3 three-_ered  struswute,
fank:ng ktowledge surces, overiaps with e preceeding Tao

Razxing  Srontzes  (rowledge  0UTEs TRt are  grousec
‘ogetler Tecause Jf woulantes 4 luncten Or sty
Durizg system  demgn, kzowledge wuwstes v ;anked 0 uf-
feregtiate “etween sulticties .n heir Serfoi—ance charkers
s Usually, oerformance tefers 0 procemung speed it
Srocessi=g speed leterm:2:ng the zranuanty X earch.  Rang-
Rg ives e Xatmouler 3 lscnmutaung  acwer Whes
Cl008C  ATICLY LZOWsUe XUrcss Wil ¢ sme nu=zy.
Thus nziing Lsonmo =gty Jetween (SOW.slje JOUrces 2



would otherwise e coosdered equal  Koowledge sources
mnmmmdmﬁmmmmm
and ezecute immediately.

5. Coastraint-based Rsasoming

Anotber technique for coatroil:sg sesrch @ umng coasrunty
w Lmut the sumbder X acceptable plana  Our planner uses
construnts based om errun  feature information, resurce
Lhinutanons, vehicle Lmitatwoas and oulitary Joctnne. In thm
waiy, the spsce of jommble plannming wiutoos 3 consruned
by the specifications X the musmon fequifementa A mmmon
must meet ceruin sbmctives while smusfying constramnt that
Lt the success X an operauon.  The harder® ‘the com-
struate, the les flex:die e plan and the camer :t 18 0 com-
fine the search. As construnts become wfter™ they ooa-
tnbute lem 0 confinng the space X pomuble plans  Our
musnon planner uses dard constra.nts W lieut the aumber X
scceptable  plans Sy reasomung  about terran feature :.nfor-
Mmaton, resource umutations, vVehicle lioutauons i1ad mlitary
doctrine Junng ‘he planaing process

Mimon planning 3 dawa :aienmves therefore, search Tust e
performed uming Jifferent levels of grsaulanty. We use a
strasegy chat musfies Mard oustraict efore conmdenag “he
wrt -oastrainta Fauure 0 smusfy any X the hard -on-
strunts fesults o ‘be planner eitter ‘erminating 8 searxh Or
sackiracking 9V womdenng lew otental wlutions  Our
pianner performs smple “wcktracking by expanding :ts search
through the Jdata mse. By xnunually acressing the Tesolu-
uon of the search, :he rlanner :ncreases the jumber X Jala
sownts that :t onmders dunng planming.  Thus ‘echmque al-
ows it 0 make umform <uts through e planmng spece s
it refines plans -opdown through the plan hierarchy. The
slanner performs more complicated “mckiracking >y modif ving
ccastructs, thereby achueving the obpcuve Sut with some loms
of spumality. The planner relaxes constrants 5y propagaung
Nard constrainata  [a our example Xf a rfeccnnsussance Timmon,
1n cngioal ccostraat 3 O use the feconcusmnce echnique X
trangulaton. However, when this Xostruat annt >
musried, the system Celazes t (0% dne hat alowd strught
recconAlsAnCe.  The Xnstrunt remarss 3 Mard constrant ot
must e mtsied 0 ompiete the mission, Wt 1 plan sllow-
.ag for straight ~eccnaaissance s lew lesiratie than e hat
Jses trangulaton.

Our planner werks fisst ‘rom and oostrunts 0 lind a
sciution and Sackitacks oniy whes secemary. it ises soft
ccestrunts, YUt ccnoders them with lew prionty.  Umng coo-
strained  search, -we xonfine the rianning space 0 me that
nusfies che Mare coostruats thea find a wluton  that
ausi.es most 3 the soft constraiatxe As in <xampe Xn-
nder *he oroblem o jiace different wmzed cOwcts a1 lealder
coech,. A erfecuveiy umple strategy claces the larper ems
A firsy, then agueezes 1 the amaler tes. TS Jnategy
werks weil Decause "he piannung space s charactenzed Y ‘he
Terinlity of e laatler pouch.  Musien lammung tas
uruiiar Temible pianming space Secause Tussers ire Jefized
TTNUERPASs [l3ngiT g SCDOIUINS CZAt XTUT LdTg ‘he hemriiln
X 3 Tuwnon.  Thus we Lse : strategy ‘D4t mumies e tard
estran®, much ke giaing the larger lerns . the leatler
auch Tirst, chen sgueezes “he wft XInstrans (a0 Dlace

¢ dard ostrunts fefer 0 those oostrunts hat Tust e
nusied vhen liawzg »+ vaud wivton

= Soft TAstTusis erer WD Nome XIstra=es thal DAY r Tay
act Je mustied whea Iinding 1 vaud wuton

6 Mission .lanning Results

The Masion Planmng System w wnttem i Zeta.sp on 3
Smmmw-dmmfac-nmﬁmn
nodules deeded ty control FMCs autonomous land vehicle
The plannung sywem coomss of 105 Joman knowledge
wurces, 8 atral knowledge sources, 27 sratepes and 17 -
oo

Figure 61 shows the planming state X the Mismon Plan-
mng Sysem i the wmtermediate wages of finding a pian for
wmoducting reconnamsance. In this exampie, the planner con-
wructs a plan ' reconnoiter 80 Ares umng tnangulation tech-
1ques the. gather aformation about he Zarget It syn-
hemzes & plaa DY ascuting knowledge wurces and postung
:nfornation oo the blackboard.  The Slackboard levels are
shown from the Strategy level down 0 he Route level
Strategy. Tacties and Fon make up he Control Blackboard.
while Misnon, Demgn., Regron. Scnpt. Lot Location and Route
make ip the Domun Blackboard. Values are depicted in. Joe
€ four statex underlined values repremnt Jperative cnitena
‘hat 'he planner conmders when making Jeawmons values
own n reverse-video Jenote ‘he current activated subgosis
:n the planning spece: “ozed vaiues are he selected pomtODs
and -outes that make up the final plan: and shaded values
we figure 6-1) depwct goais that have Jeen iccomplished.
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Figure §-2 ‘Musnon Flaanming Stae = Cycle 32

After rectiving 1 Mummon statement o he ommander X
“Se ~veaie, the pianning vvviem veg:as D fiad & pommte
san !t smarts Yy creaung [ocus Jdecisors lat orovde wp-
sown control  Thus Sehaviur clanges 3 e svItern peraia
¢ creates xber xmtrol lecimions. A sesidn 3 smieciad tamc
‘a the rfequirement Sor lrangulauon 1iat <eaufies 'he 'asks
tecemary 'O sccomplish he Tusmon.  These "asks are confined
D 4 regwn that 3 cmputed Smsed g velkle and errua
onstras Mith the ~eficn cmpulad, Se xart ind o
xatces are Jostad Tor ceterence Y De tladmer. A smix
eSulLIg .2 3 TrLoamance Tusicn  KSg nasgulaton 3
siocted 103 & gragegy o asuctansg the xnipe 3
sjenernied. ere. the claaser .mrpiemesI ¢ RI-RD strategy.



oxvels slong ROUTE1 w0 the
mconasismnce lomtion, R1. Afwr recommgitering the target, it
tavels siong ROUTES » the sscond reconsaimancs location,
R At

for helpful comments on *he contest of this paper, with spe-
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